Silver nanoparticles are recognized for numerous physical, biological, and pharmaceutical applications. eir main uses in the medical field comprise diagnostic and therapeutic applications. In this project, the interaction between silver nanoparticles and the lipid layer of the skin was studied in order to know how nanoparticles behave when they are in contact with the skin. Energies of the silver nanoparticles were calculated through the optimization of silver clusters using density functional theory implemented in the Gaussian program 09W. Biological molecules such as glucose, stearic acid, palmitic acid, and quercetin present in coated nanoparticles and in the skin were also optimized. e silver clusters containing 6 atoms were proven to be the most stable complexes. Moreover, a study of molecular orbital describing HOMO interactions of the clusters was performed showing that the electronic density was around the silver cluster. Molecular dynamics simulation was performed using Abalone program. Silver nanoparticles seemed to have very good clearance properties in our molecular dynamics simulation because over a certain period of time, the silver cluster got far away from the biological molecules.
Introduction
Silver nanoparticles have unique optical, electrical, and thermal properties. Present applications range from photovoltaics cells to biological and chemical sensors. Silver nanoparticles also present biological applications such as molecular diagnostics, photonic devices, nanomedicine drug delivery, imaging diagnostics, and biosensing [1, 2] . However, it is important to be sure about the possible consequences of their use.
Nanoparticles are being daily used, yet a concern rises due to the fact that their toxicity could put human health at risk [3] . us, to develop new nanoparticles and continue their use and development, more studies and evaluation have to be done. One of the possibilities in doing so is by investigating silver nanoparticles through quantum mechanics calculations.
Computational modeling is a powerful tool compared to experimental limitations. In a computational work, it is possible to manage each parameter separately and identify the mechanism responsible for the experimental result. With a computational study, it is feasible to simulate interactions under different conditions that are not always possible to be studied in the lab [4] . All nanomaterials are size dependent because their physical and chemical properties will depend on the size of the nanoparticle. e composition, size, shape, and environment of nanoparticles can strongly influence their eventual application as they have excellent properties for antimicrobial coatings, textiles, keyboards, wound dressings, and biomedical devices [5, 6] .
eoretical studies on the affinity of silver ions with DNA at a molecular level were performed to determine the interaction of silver ions with a cytosine base and an adenosine base, using ab initio calculations and density functional theory (DFT) [7] . Also, a chemical reactivity analysis of biological molecules in the presence of silver ions in the DFT framework has been performed in order to find the molecular structure with the lowest energy, molecular orbitals, and chemical reactivity parameters [8] .
Lipids are fundamental structural components of cell membranes. ey are little oxidizable molecules serving as an energy reservoir for the cell. Lipids are key components of the skin cell membrane that need to be analyzed because when there is an attack from foreign agents, they become injured [9] . Lipids analyzed in this research were two saturated lipids, palmitic and stearic acids, present in the lipid layer of the skin . Stearic acid was chosen for the study because it was the second most common lipid after palmitic acid contributing to prove the stability of the silver complexes.
In this study, the interaction between silver nanoparticles and the lipid layer was investigated. Since an organic crystal structure is not available, a computational study was performed to evaluate the compounds and to determine structural information.
is research aims to establish a quantitative structure-activity between the interaction of silver nanoparticles and the lipid layer of the skin (palmitic and stearic acids).
In previous works, small silver clusters were studied using DFT methods. Poteau and his team had studied the ground-state geometries and the binding energies per atom of small silver clusters, from 4 to 8 silver atoms. With their results, they managed to parameterize distance-dependent tight-binding Hamiltonian and accomplished good correlation between their model and ab initio calculations [10] . Another DFT study was done on small anionic, neutral, and cationic silver cluster hydrides using the PW91PW91 method. Here, binding energies showed different behaviors depending on the number of silver atoms; cationic clusters are the ones with lowest binding energies in clusters with an odd number of silver atoms while neutral clusters are the ones with an even number of silver atoms [11] .
In other studies, silver nanoparticles coated with glucose and quercetin (a flavonoid) have been reported as green synthesis methodologies. Coated silver nanoparticles with Piper aduncum presented extraordinary healing properties [12, 13] . Quercetin, being the principal component of Piper aduncum, was chosen to interact with the silver clusters. Silver nanoparticles covered with quercetin proved to have therapeutic properties in addition to the antibacterial properties. However, silver nanoparticles covered with glucose did not show any healing characteristics except for antibacterial properties of the silver nanoparticles [12, 14, 15] . anks to their small size, large surface area, and versatile physicochemical properties, these coated silver nanoparticles could enter cells and organelles leading to the possibility of nanomedicine [15] .
erefore, we also proposed to determine the stability of these complexes, since the silver nanoparticles can be released once they have completed their therapeutic action.
Materials and Methods
e geometry optimization of silver clusters was carried out at the B3LYP/LANL2DZ level of theory, while palmitic acid, stearic acid, glucose, and quercetin geometries were carried out at the B3LYP/6-311G level of theory, implemented in the Gaussian 09W package of programs [16] . A computational modeling of silver clusters with the biological molecules was analyzed, and lower energy conformations were identified. e energy of the cluster interaction was calculated using the following equation:
where ΔI � interaction energy, E (Agc−BM) � energy of the cluster-biomolecule complex, E Agc � energy of the silver cluster, and E BM � energy of the biomolecule. Also, a study of the MO theory describing HOMO interactions of clusters was carried out.
Molecular dynamics using the Abalone program (a molecular simulation program with AMBER-ii force field) was performed to see how molecules interact for a given period of time (from 5 to 20 ps) [17] . To carry out the dynamics, a .pdb file with the optimized geometry of the cluster-biomolecule complex obtained from the DFT study was opened in the Abalone program. e option of molecular dynamics was selected; working conditions were set at 1 atm of pressure, 298.15 K of temperature, 2.0 fs time per step, and 5 or 20 ps of duration.
Results and Discussion
e methods within the framework of the density functional theory (DFT) were used to optimize the structure of the silver nanoparticles and also the stearic acid, palmitic acid, quercetin, and glucose. Vibrational frequencies at the ground state were calculated in order to ensure that they were at a minimum level.
Energetic Study.
Different geometries and number of atoms were tested to form a silver nanoparticle. It took many tries using different numbers of silver atoms (3, 13, 30, 50, 64, 85, 100, 120, etc.) to form the silver nanoparticle with different geometries and shapes. However, the silver clusters were not correctly optimized because of the loss of geometry.
From all the geometries, the silver clusters with 3, 5, and 6 silver atoms were chosen to continue the study. Figure 1 shows the clusters of silver nanoparticles that were optimized and where sizes and geometries were conserved.
Once the silver clusters were optimized, the biological molecules were optimized as well. Figure 2 illustrates biological molecules that were analyzed: lipids such as palmitic acid and stearic acid, quercetin which is a flavonoid, and glucose a sugar.
Interaction between biological molecules (quercetin, glucose, palmitic acid, and stearic acid) and the three silver clusters previously optimized was simulated. e optimized geometries of the interaction between the biomolecules with a single silver atom are also shown so as to find the differences between these and the cluster interactions. All of them were optimized in order to know if they could form a complex and to measure the distance of the cluster and the biomolecule. Based on the information provided by He and Zeng [18] , the silver atom and the clusters were introduced in a position in which they were close to the carboxyl group which is the hydrophilic part of the fatty acids, as shown in Figures 3 and 4 . In this conformation, the complexes presented the lowest energy.
In Figures 5 and 6 , the most stable complex between the silver atom and clusters with glucose and quercetin is shown. In this case, it can be seen that the clusters are close to the oxygen atoms of the molecules, also being the hydrophilic parts. With glucose, it was not possible to obtain optimized geometries with 5 and 6 silver atom clusters. In previous studies of reactivity analysis, it was found that the main interaction between palmitic acid and the silver ion was through the carboxylic acid of the lipid [8] . Besides, the interaction between biological molecules and silver clusters was through the hydroxyl groups as compared with the study between PVA and Ag55 nanocrystals [19] . Silver nanoparticles go through shape-dependent interaction with the lipid layer. While these interactions are being studied, these nanoparticles are being used more and more for their antibacterial and antimicrobial activities [20] .
e interaction energies of the systems were calculated using (1) and are presented in Table 1 .
e stabler structures are the ones with smaller energies; therefore, clusters of 6 silver atoms are considered as the most stable ones. On the contrary, when comparing these results with the ones obtained with a single silver atom, it could be seen that the systems with a single silver atom were the ones with the highest interaction energies. e different results obtained from the different clusters studied give a clear view of interaction energies, and therefore, the properties of the silver nanoparticles are size dependent.
According to our study, a silver nanoparticle with the size of our cluster of 6 silver atoms will have better properties due to its increased stability compared to small nanoparticles. e interaction energies between the metal clusters and the biological molecules suggest that nanoparticles will favorably bind to proteins and can be adsorbed with biomolecules as melamine [21, 22] . e energies also confirm that noncoated silver nanoparticles are less stable, thus presenting bigger energies. e silver cluster covered with the biological molecule was more stable than the silver nanoparticle alone.
is was favorable because it improved bioavailability, as previously demonstrated by Kumar and Randhawa [23] .
Molecular Orbital Study.
Molecular orbitals are regions of space that contain the electron density defined by mathematical functions that describe the wave behavior that electrons can have on molecules. ese functions can be used to calculate chemical and physical properties such as the probability of finding an electron in a region of space. e border molecular orbitals HOMO and LUMO (highest occupied molecular orbital and lowest unoccupied molecular orbital, resp.) allow for knowing the regions of space where the valence electrons are, that is, those that participate in bond formations. In this way, a study of border molecular orbitals allows us to see if there is a bond and where it is located.
In this investigation, a study of molecular orbitals (MO) describing HOMO interaction of the clusters and the biomolecules was carried out in order to know if there is a bond between the biomolecules and the clusters. In Figures 7-10 , the red shapes correspond to bonding molecular orbitals, while the green shapes correspond to antibonding ones. Figure 7 illustrates the spatial and energetic properties of electrons that form orbitals in the silver clusters. e shapes of the molecular orbitals from Figures 8-10 show that, in the stearic acid, palmitic acid, and quercetin, the energies surrounded the entire molecule. However, once the silver cluster was added, the molecular orbital energies changed and they were then located mainly around the cluster of 1, 3, 5, or 6 silver atoms.
In Figure 8 (a), it can be seen that the energy of the HOMO is located completely around the quercetin molecule. However, when the single silver atom and the clusters of 3, 5, and 6 silver atoms are found near the quercetin molecule (Figures 8(b)-8(e) ), the energy moves almost completely to the silver atoms, leaving small orbital regions around the oxygen atoms near the cluster. is indicates that there is a weak interaction between the cluster and the biomolecule. Given the simplicity of the study model, this can be considered as a bonding interaction.
In Figure 9 (a), the energy of the HOMO is located completely around the stearic acid. When a single silver atom and the clusters of 3, 5, and 6 silver atoms are near the biomolecule (Figures 9(b)-9(e) ), the energy again moves to the silver atoms, leaving small orbital regions around the oxygen atoms of the carboxylic acid.
is indicates that there is a weak interaction between the cluster and the biomolecule. With palmitic acid, the behavior is similar, as can be seen in Figure 10 .
Molecular Dynamics Study.
Molecular dynamics is a powerful tool in molecular modeling because it gives the opportunity to follow and understand the structure and dynamics of molecules [24] . e Abalone program is used to simulate the natural motion of biological macromolecules. Silver nanoparticles have many interesting properties as previously mentioned. Nevertheless, silver nanoparticles reveal an extended retention in an organism which is cause for concern due to toxicity. For that reason, coated (Piper aduncum) silver nanoparticles with optimal clearance characteristics are very important because they minimize toxicity [12] . Furthermore, the Abalone program contributed by conducting the simulations of molecular dynamics in order to determine the interactions of biological molecules and the silver clusters for a fixed period of time, 5 and 20 ps. e molecules were allowed to move giving a view of the dynamical evolution of the system. At different times, distances increased between the cluster and the biological molecule as indicated in Figures 11-13 .
Distances from the oxygen of the carboxylic acid to the first atom of the silver cluster were measured. e distance between stearic acid and the cluster of 3 silver atoms at the beginning of the dynamic was 2.33Å. After 5 ps, the distance increased to 10.09Å, and after 20 ps, it changed to 32.67Å. Palmitic acid and the different clusters of 3, 5, and 6 silver atoms followed the same path as stearic acid. is meant that the cluster was moving away, while the distance kept increasing. ese results indicate that the silver nanoparticles can go through the lipid layer of the skin, but they can also be easily separated reducing their toxicity.
In the case of the glucose, measured distances were calculated from the oxygen of the cycle to the first atom of the silver cluster. In Figure 12 , the distances changed from 3.35Å at the beginning of the dynamic to 61.53Å after 20 ps.
is shows that glucose does not have a strong interaction with the 3-atom silver cluster after a short period of time, and conversely, the silver cluster rapidly goes far away from the biomolecule, showing good clearance properties.
In Figure 13 , distances were measured from the carbonyl oxygen of the quercetin to the first atom of the silver cluster. In the 3-atom silver cluster, the distances changed from 2.34 to 7.87Å at the end of 20 ps. With the 5-atom silver cluster, the distances were higher, changing from 2.37 to 34.08Å after the same period of time. is means that with small nanoparticles, there are major interactions between the nanoparticle and the biomolecule, and there is not a good clearance after short periods of time. On the contrary, with bigger nanoparticles, there is really great separation with the quercetin, showing excellent clearance properties. With the 6-atom silver cluster, the trend was the same as the 5-atom silver cluster [13] .
To probe that the complex silver cluster-stearic acid has a bonding interaction, which was broken after 5 ps, a MO study on the molecular dynamics structures was done. In Figure 14 , it can be seen that at 0 ps, the HOMO was located around the silver cluster, but a small shape is around the oxygen of the carboxilic part of the fatty acid. When the molecular dynamic moves to 5 ps, the HOMO was located completely around the silver cluster, and at 20 ps, this was maintained.
is shows that there was an orbital interaction between the stearic acid and the silver cluster when they were 2.33Å away from each other. e complex was broken when the distance increased to 10.09Å and further.
In the case of the quercetin with 3-atom silver clusters (Figure 15 ), it can be seen that at 0 ps, the HOMO was located around the silver cluster and a small part above the oxygen of the hydroxyl group. When the molecular dynamics moves to 5 ps, the HOMO was located completely around the silver cluster, and at 20 ps, some of the orbital energy is again located at the biomolecule. is shows that there was an orbital interaction between the quercetin and the silver cluster when they have around 2.34Å of separation distance.
e complex was broken when the distance increased. Finally, at 7.87Å, the interaction returned although the molecules were away from each other. is confirms that with small nanoparticles, there are major interactions between the nanoparticle and the biomolecule and there is not a good clearance after short periods of time. e results illustrate that, for biological molecules, the cluster stays near 5 ps which is important in the case of introducing the coated nanoparticle in an organism because the complex has to stay stable for a minimum period of time. However, at 20 ps, the cluster moves far away from the biological molecules. is is really interesting because the intention is that once the coated molecule is introduced into the organism, the complex would be separated and it would be eliminated very easily with optimal clearance characteristics.
In order to prove that the dynamic goes well with the biomolecules studied, a le with the crystal structure of FGF Receptor 2 Tyrosine Kinase Domain Harboring the D650V Activating Mutation was chosen for the interaction with the 3-atom silver cluster. e biomolecule was obtained from the RCSB Protein Data Bank [25] .
After a dynamical evolution of 5, 20, and 100 ps, there is no movement of the cluster. e system is very stable and does not move at all as shown in Figure 16 . is demonstrates that there is an important di erence in stability between our systems and this system.
Conclusion
A computational modeling of the silver nanoparticles and the biological molecules including glucose, stearic acid, palmitic acid, and quercetin was performed. e lowest energy conformations were identi ed, and the clusters of 6 silver atoms were the most stable complexes. Moreover, the study of MO describing HOMO cluster interaction contributed to nd that the electronic density was around the silver cluster. Finally, molecular dynamics was performed Silver cluster using the Abalone program to observe how silver clusters interact with biological molecules for a given period of time, 5 and 20 ps. Molecular dynamics showed that, over a certain period of time, the silver cluster moved far away from the biological molecule. is means that the quercetin-coated silver nanoparticles could have good clearance properties. With respect to the interaction with the lipid layer of the skin, it can be preliminarily said that because the interaction of the silver nanoparticles with the fatty acids is not strong after a period of time, it is possible to reduce their toxicity by skin contact. In future experimental work, it would be interesting to do a full characterization of the coated silver nanoparticles and studies of cytotoxicity.
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